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1.0 SUMMARY 
1.1 GENERAL 
Previo,ts NASAIindustry advanced-turboprop-propeller and propfan studies and wind tun- 
nel tests indicate that point design, installed propulsive efficiencies on the order of 80% at 
Mach 0.8 are achievable; and that a net reduction of 18% in TSFC could be expected over a 
comparable, b l  pass-ratio-six, turbofan-powered airplane. In the absence of any associated 
penalties, this reduction in TSFC (1 8%) would result in a net fuel saving of approximately 
25F for a twin-engine, 180-passenger, Mach 0.8, commercial transport designed for 3300-km 
(1 800-nmi) range. However, the weight and drag of the propfan-powered airplanes were 
judged to  be larger than those of the turbo-fan-powered airplanes. When these penalties 
were assessed in one study (ref I), the fuel savings of 25% for the 3300-km (1800-nmi) de- 
sign range were reduced t o  9.7% for the wing-mounted propfan and 5.8% for the aft- 
mounted propfan airplanes. This earlier study recommended additional analysis and design 
to add realism to these preliminary assessments. 
This study, implemented in response to one of these recommendations, addresses an ap- 
proach to  the aerodynamic integration of turbo-props and airframes. Both the wing-mount- 
ed and aft-mounted prop-fa~installations were considered, but emphasis was placed upon 
the wing-mounted installation as it represented the most difficult task. 
Potential flow techniques were employed.to study the aer~dynamic integration of the prop- 
fan propulsion concept with the airframe of advanced subsonic commercial transports. 
Three basic configurations were defined and analyzed: 
A wing-mounted prop-fan at a cruise Mach number of 0.8 
A wing-mounted prop-fan in a low-speed configuration 
An aft-mounted prop-fan at cruise Mach number of 0.8 
111 each case. the propeller slipstream was modeled and its interaction with the configuration 
calculated. 
To minimize aerodynamic interference penalties, the cruise wing of the wing-mounted con- 
figuration was redesigned to  reproduce or approximate the clean-wing pressure distribution 
after inclusion of nacelle and slipstream effects. 
1.2 CONCLUSIONS 
This study has demonstrated the feasibility of using potential flow analysis techniques to  
calculate prop-fan airplane aerodynamics. The study objective of minimizing propeller slip- 
stream effects upon a wing was accomplished (fig. 1;. However, the resulting wing was 
structurally unsatisfactory because of an arbitrary ground rule t o  hold the leading edge con- 
stant, with the remaining wing geometry contoured to reduce o r  eliminate prop slipstream 
effects. The resulting wing with sheared front and rear spars would be impractical due t o  
excessive weight penalties, particularly when other solutions would be available with addi- 
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tional analysis andlor wind tunnel testing. Therefore, wind tunnel t s t ing  of the configur- 
ation developed by this study is not recommended. Additional studies of  alternate means 
t o  achieve the same or better aerodynamic results for a practical wing design are needed, 
and wind tunnel testing should then be done to  vafidate the resulting wing design. 
Additional conclusions resulting from this study are discussed in the following paragraphs. 
1.2.1 WING-MOUNTED PROP-FAN -HIGHSPEED 
Predicated on the assumption of isentropic flow over the inboard wing, the baseline 
wing has the potential for recovering up to 50?4 of the thrust last due t o  swirl by 
de-rotating the slipstream. However, the upwash from the propeller results in high 
pressure peaks on the upper surface of the inboard wing, a condition that renders the 
wing susceptible to Bock waves, flow separation, high drag, and buffet. This condition 
could more than offset tho potential thrust recovery. 
a The wing, modified for minimum cruise drag. generally accomplishes the objective o? 
neutralizing the adverse effects of the slipstream, but in so doing fails t o  de-rotate the 
slipstream. The profile drag penalties are rnostly elirninatcd; however, the potential 
thrust recovery gains are also eliminated. 
The approach taken results in a modified wing that has large variations in twist and 
thickness and is considered struck lrally undesirable due to potential manufacturing 
cost and weight penalties. Alternate approaches for modifying the wing andlor nacelle 
are recomn~ended for further study. 
1.2.2 WING-MOUNTED PROP-FAN-LOW SPEED 
The chordwise velocity increase in the slipstream is the predominant effect at low 
speed. and is more important than the effect of swirl. 
Large increments rn chordwise velocity result in overloading the wing both inboard and 
outboard of the nacelle. 
A high-lift system designed for achieving high powersff QMAX does de-rotate the 
slipstream to some extent and results in partial thrust recovery. 
When considering all-engine slipstream effects, the high-lift condition drag polar is 
improved because of the large increase in CL combined with thrust recovery. 
Rolling moment caused by one engine being inoperative is much less than the estimates 
for the Reference 1 study and does not appear to be a major concern. 
1.2.3 Am-MOUNTED PROP-F AN 
The aft-mouqted prop-fan configuration is aerodynamically similar to a comparable 
turbofan corrfiguration. 
The prop slipstream effects extend beyond the strut to  the body and vertical tail and 
influence the longitudinal cross section area distribution. 
Partial (1 10%) thrust recovery resulting from the straightening effect of the strut on 
the slipstream appears as an increment in strut CL, rather than a demment in drag. 
The opposing tendencies of the wing downwash and the propeller swirl influence the 
flow about the leading edge of the strut and in turn, the thrust ncovery vector. 
Overall, the prop slipctream has little effect on the aerodynamics of the airplane for 
aftmounted engines as compared to wing-mounted engines. 
1.3 RECOMMENDATIONS 
This study was directed at applying analytical techniques to minimize propeller slipstream/ 
airplane aerodynamic interference effects and to maximize overall aircraft aerodynamic 
efficiency during cruise. Potential flow analysis techniques to calculate propfan airplane 
aerodynamics were applied. Additional studies of alternate methods for achieving the same 
or better results with a more practical wing design are required. Therefore, the following 
efforts are recommended to ensure a balanced, logical development of propfan technology; 
and ultimately, a convincing evaluation of the economic and energy saving potential for 
propfan propulsion systems. 
1.3.1 PROP-FAN/AIRFRAME AERODYNAMIC INTEGRATION 
Develop a cruise wing design that incorporates changes to  the planform and leading/ 
trailing edges, but that essentially maintains the structural wing box. This may include 
changes in local wing sweep, leading- and trailingedge camber, wing aspect ratio, 
thickness ratio, and nacelle contouring. 
Determine the influence of the wing on wing propeller environment and aft-mounted 
propfan installations. 
1.3.2 NOISE RADIATION AND ATTENUATION 
These recommendations result from the Reference 1 study. 
Develop a data base and theoretical methods for predicting noise radiation from 
prop-fans. 
Develop a light-weight structure to attenuate noise at the propfan blade passing 
frequencies. 
1.3.3 PROP-FAN MISSIONS AND APPLICATION 
Determine the optimum range and Mach number for a prop-fan airplane. 
Conduct a fully integrated study that includes all technical elements of airplane design. 
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As indicated, the cruise wing design should incorporate changes to  the planform. For 
example, leading-edge extensions on both sides of the nacelle could effectively reduce the 
local thickness ratio without reducing the physical wing thickness. This leadingedge ex- 
tension permits incorporation of local leading-edge camber without distorting the wing 
structural box. The large suction peaks caused by the swirling slipstream inboard of  the 
nacelle could be mitigated by merely drooping the extended leadingedge. Conversely, 
the wing leading-edge could be upcambered on the outboard side to compensate for the 
loss of load on that side. This concert is shown in Figure 2. 
Upward cambered 
LE extension 
thvnv~ard  camber 
LE extension 
- - --- \C 
Figure 2 Typical Modification Concept for Prop-Fan C 'se Wing 
2.0 INTRODUCTION 
2.1 BACKGROUND 
Elementary considerations of momentum and energy lead to  the conclusion that, in the 
absence of compensating losses, propulsive efficiency is improved by accelerating more 
fluid by a smaller velocity increment. Introduction of the high-bypass-ratio twbofan engine 
stimulated a new generation of transport aircraft by using this principle to reduce fuel con- 
sumption without substantially sacrificing the simplicity, reliability, and low maintenance 
costs that have come to be expected by the airlines since reciprocating engines were replaced 
by turbojets. 
The increase in the relative cost of fuel following the 1973 Arab oil embargo, along with 
national concern over the need of fuel conservation, have promptid Covernment and in- 
dustry to examine possibilities for further reducing aircraft fuel consumption. 
A 1976 NASA-sponsored study (ref 1) concluded that modest gains in efficiency could be 
achieved by pushing turbofan techl~ology further through the application of geared fans, 
higher overall pressure ratios, and higher turbine inlet temperatures. The same study also 
noted that the propeller offend more dramatic gains than advanced turbofans if it could be 
adapted to the Mach 0.75+ cruise speed favored by airframe technology and expected by 
the traveling public. 
The high propulsive efficiency of propellers is difficult to  maintain at cruise speeds above 
Mach 0.7 because: 
The helical-tip Mach number becomes supersonic, and the outer section of the blade 
incun increased drag, leading to  increased noise and the associated penalties, 
The rotational speed must be reduced to the point where excessive slipstream swirl 
necessitates the added weight and complexjtj. of dual rotation. 
In 197 5, the Hamil ton Standard Division of Unlted Technologies Corporation proposed the 
prop-fan concept. This concept is one in which a slightly supersonic outer blade speed is 
accepted, and alleviation of increased drag and noise is accomplished by the use of thin 
and swept-back blade sections. Also, to  keep the diameter reawnable while absorbing the 
very high power required for highgpeed transport designs, eight to ten broad blades are used. 
Wind tunnel tests conducted by Hamilton Standard and the NASA Lewis Reatarch Center 
indicate a p~int-ct~sign i stalled propulsive efficiency of 80%~ at Mach 0.8 cruise is achiev- 
able, and a net reduction of 18% in TSFC over a comparable technology bypasr-ratioaix 
turbofan may be expected. 
Study results reported in Reference 1 indicate that this 18% advantage in cruise TSFC for 
a twinengine, Mach 0.8 commercial transport aesigned for 3300-km (1 800-nmi) range with 
180 passengers could result in a net fuel savings of approxin-lately 25% i i  there were not 
compensating penalties. However, both the installation wei.at and drag penalties of the 
prop-fan-powered airplanes were judged to be larger than those of the turbo-fan. 
When these penalties are assessed, the estimated fuel savings are reduced to 9.7% for the 
wing-mcunted propfan airplane and 5.8% for the aft-mounted prop-fan. 
Early analysis and design work are necessary to  add realism to these assessments and to 
help guide decisiot~s regarding the development of propfan technology. 
2.2 STUDY OBJECTIVE AND SCOPE 
The objective of the current study is to apply analytical techniques to  the problem of the 
wing and aft-body installation, thus minimizing propeller slipstream/airplane interference, 
t o  maximize overall aircraft aerodynamic efficiency in cruise, and to define appropriate 
high-lift devices for takeoff and landings. 
2.2.1 TASK I-WINC-MOUNTED PROP-FAN-HIGH SPEED 
A "clean" wing of appropriate geometry is defined and analyzed (using a 3-D potential- 
flow computer program, Boeing A 230) to  provide a baseline pressure distribution, The 
nacelle and slipstream then are added, and the resulting distorted isobar pattern examined to 
identify problem areas associated with pressure peaks, adverse pressure gradients, and local 
loss of effective sweepback. Design changes are defined to  alleviate these problems, and a 
revised wing-nacelle geometry analyzed to  provide new pressure distribution data for valid- 
ation of the proposed changes. A wing model for high-speed wing tunnel testinp is defined 
and thrust recovery due to slipstream de-rotation estimated. 
2.2.2 TASK II-WING-MOUNTED PROP-FAN-U)W SPEED 
Leadinp- and trailing-edge flap geometry and the fan flow field is examined at takeoff and 
landing approach flight conditions. Pressures and streamline patterns at the leading edge 
(with and without slipstream) are computed, and leadingedge devices required to mitigate 
pressure peaks and to provide reasonable protection from flow separation are defined and 
analyzed. Probable powewff behavior and requirements for automatic retraction or  angle 
adjustment in case of engine failure are estimated and thrust recovery due to slipstream de- 
rotation is colsulated. 
2.2.3 TASK III-AFT-MOUNTED PROP-FAN 
Aerodyndn~ic integration of aft-mounted engines ?oses a completely different set of pro- 
blems. Most of the requiren~ents constraining the wing d o  not apply to a strut having oi~ly 
the function of supporting the propulsion pod (and possibly to develop some thrust by re- 
moving slipstrean1 swirl). On the other hand, the drag of the aft-body niay be sensitive to 
disturbances caused by the nacelle and propeller because of the thick boundary layer and 
adverse pressure gradient to be expected there. Potential flow methods are used to compute 
pressure distributions and streamline paths. 
M 
MAC 
M, 
n 
nmi 
S 
SIC 
SHP 
3.0 ABBREVIATIONS AND SYMBOLS 
Cross sectional area 
Reference span 
Chord 
Drag coefficient 
Induced drag coefficient 
Profile drag coefficient 
Krueger flap chotd 
Lift coefficient per unit span 
Lift coefficient 
Maximum lift coefficient 
Rolling moment coefficient 
Pressure coefficient 
Minimum pressure coefficient 
Reference chord 
Propeller diameter 
Geometry 
Error-free initial geometry 
Clean-wing initial geometry 
Leading edge 
Local Mach number 
Mean aerodynamic chord 
Freestream Mach number 
Unit normal 
Nautical mile 
Static pressura at radius r 
Static pressure . t  infinjty 
Total pressure at radirls r 
Total pressure at infinity 
Dynamic head 
Radial distance 
Propeller radius 
Arc length 
Arc length from leading edgelchord 
Shaft horsepower 
T Thmt 
TE Trailing edge 
t k  Thickness ratio 
TSFC Thrust specific fuel consumption 
Urn Freestream velocity 
V Local velocity 
vl, Normal velocity component 
V p ~ o p  Slipstream perturbation velocity 
V t Tangential velocity component 
v x Axial velocity 
wlU Uniform cross-flow 
W Vertical component of lelocity vector 
WBL Wins buttock line 
WL Water line 
X.l'.Z Cartesian coordinates 
Angle-of-attack 
Swirl angle 
Trailing-cslgr flap deflection 
Knteger flap deflection 
l~~crernentaf quantity 
Fractional xmispan 
Wing twist 
Kario of specific heats for air 
4.0 ANALYSIS AND DESIGN METHODS 
Three-dimensional potential flow techniques have been in use for many years for analysis 
a d  design of compkx aerodynamic c o n f w t i o n s .  These techniques have been found to 
be adequate even though locrl patches of supersonic flow and shock waves at high sub- 
sonic Mach numbers are not simulated. Consistent with cumnt  design practices, this mdy-  
sis was conducted at Mach 0.7. 
4.1 COklYUTER PROGRAM A 230 DESCRIPTION 
me Boeingdeveloped computer program A 230 (ref 2) is a general boundary-vdue problem 
solver that uses source and doublet panels distributed on the configuration boundary sur- 
faces and internally. The flow field over the cunfigruatiotr is determined by a coniputa- 
tional routine, which calculates the strengths of the sources and doublets that produce a 
flow field satisfying the boundary conditions. Each boundary cmdition statement consists 
of the following specifications: 
a Spacial coordinates of the boundary point 
Direction cosines of a unit vector 
The desired velocitv component along the unit vector 
For a general impermcible surface, the boundary point is positioned at the panel centroid, 
with the unit vector directed normal to the panel. The condition of zero velocity along the 
normal vector produces a flow that is parallel to the surface. This type of boundary condi- 
tion is provided automatically by the program and requires no input from the user. How- 
ever, if a nonzero velocity component is specified along the unit normal vector, problems 
such as controlling the inflow distribution into a simulated fan face may be formulated. 
This option has been exercised in the present study to represent the interaction of the 
slipstream wi:h the configuration without actually generating the swirling flow behind the 
propeller. 
4.2 ANALYSIS USING SLIPSTREAM AND PRE- AND POST-PROCESSORS 
The methodclogy for inclusion of the prop slipstream in the threedimensional, potential- 
flow analysis model is presented in this section. The swirling flow behind the propeller disc, 
impinging on the surface of the configuration is simulated mathematically through a restate- 
ment of the boundary conditions at those boundary points that are washed by the wake. 
The obtained solution is corrected to ensure satisfaction of the tangency condition at all 
points in the presence of the slipstream. 
The boundary conditions underlying the potential flow problem are described schematically 
in Figure 3. The slipstream perturbaticn velocity ( V p ~ o p )  is resolved into a normal (Vn) 
and tangential (Vt) component to the local panel. The boundar) condition at the panel 
center is expressed as: 
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This technique described above can be used to superimpose any velocity Eeld on a boundary 
value problem. An example is given in Figure 4 for the flow over a stub wing at an angle of 
attack, a = So. The solution obtained superimposes a uniform cross-flow of magnitude 
w/U = tan a to  the configuration at a = OO. The excellent agreement with the exact solution 
at a = 5' supports applicability of the method. 
M = O  
a = 5O I a Stub Wing 
- Potential flo.. alution 
A Simulated cross-flow solution 
-1.6 
-1.2 
-0.8 
-0.4 
0 
.o 
0.4 
0.8 
Figure 4. Test Case-F low Over Stub Wing: Strip 2 
4.3 DESCRIPTION OF COMPUTER PKOGRAM A 236 
The Boeing A 236 computer program (ref 3) is a design-analysis-optimization program, 
which has been used in the present study to redesign the baseline wing of the wing-mounted 
prop-fan. In the design mode. A 236 calculates the wing geometry required t o  support a 
specified pressure distribution. To achieve design capabilities, a number of limitations were 
imposed upon A 236, as compared with the more general program, A 230. The variations 
between these two programs are: 
1. Analysis only 
2. Accepts general configurations of 
any shape 
3. Exact boundary conditions 
(applied on surface) 
4. Lifting surfaces treated as a whole 
5. Paneling external to  program 
Analysis, design, and optimi- 
zation 
Accepts winglbody only 
Linearized wing boundby 
conditions (applied on wing 
design plane, exact boundary 
conditions on body 
Wing split into camber and 
thickness 
Automatic paneling provided 
Features of A $36 include: 
It handles winglbody configurations only. The wing may be designed in the presence 
of the body, but nacelle and slipstream are excluded. 
Linearized boundary conditions are applied on the wing design plane, eliminating the 
need to estimate the initial geometry when designing the wing. 
Wing camber and thickness are treated separately and their effects are superimposed. 
This is a necessary limitation of the linear theory. 
Since only wingibody configurations are admissible into A 236, automatic paneling is 
provided. The wing is considered flat and is paneled over its planform. 
4.4 DESIGN METHOD 
The problem of redesigning the baseline wing of the wing-mounted propfan for favorable 
interaction with the slipstream was as follows: 
"Find the wing geometry which, in the presence of the nacelle and slipstream will support 
the pressure distribution of the clean wing". Because the nacelle and slipstream could not 
be modeled on the design program A 236, a scheme employing both programs A 230 and 
A 236 was devised (fig. 5). The clean wing-body configuration was analyzed on A 236, 
resulting in the pressure distribution, CpI (only one wing section is used for illustration in 
the figure). The increment Cp of the nacelleslipstream over the clean wing, calculated by 
A 230, was then subtracted from CpI to  produce CpIl, thus: 
A 230 Andy cis 
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A 236 An*& 
Wing + nacelle + slipstream 
c-0-1 
Final geometry GF = Go + GII -GI 
Figure 5. Prop-Fan Wing Design Technique 
In an attempt to  eliminate errors inherent in the solution of the design problem, two design 
runs were executed on A 236; one for Cpl and another for CpII. The resulting wing geome- 
tries are symbolically denoted GI and GII, respecttvely in the figure. The final wing geo- 
metry was then calculated from: 
where G o  is the initial geometry of the clean wing. GI - G o  represents the error attribut- 
able to the lack of revenibility in the analysisdesign-analysis cycle on A 236. By subtract- 
ing it from GII, an error-free final geometry (GF) is obtained. 
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Figure 6 shows a comparison of  baseline and redesigned wing sections on the two sides of 
th t  nacelle. Large changes in twist, thickness, and airfoil shape are evident as a result of 
the design exercise. Figure 7 defines the twist distribution of the baseline and modified 
wings. A twist increment of approximately +6O outboard and -50 inboard of the nacelle 
appears to be almost equal and opposite to the swirl angles at cruise stated in Section 5.0. 
The wing thickness distribution of the baseline and modified wings is shown in Figure 8. 
As a result of this design exercise, the maximum wing thickness ratio has been reduced by 
18% inboard and by 10% outboard of the nacelle. 
WBL 1 
- Baseline wing 
- - - Redesigned wing 
WBL 2 
WBL 3 
Figure 6. Cruise Wing Geometry 
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Figure 7. Cruise Wing Twist Distribution 
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Figure 8. Cruise Wing Tnickness Distribution 
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5.2 SLIPSTREAM CHARACTERISTICS 
Figure 13 presents a comparison of the measured and calculated total pressure ratios and 
swirl angles along the blade radius as stated by Hamilton Standard in reference 4. The 
measured data, taken one blade chord behind the propeller, indicated that the root sections 
were overloaded and the top portions were underloaded compared to  the design objectives. 
Because further refinements were contemplated by Hamilton Standard to achieve the design 
objectives, the theoretical distribution was selected for inclusion in the potential flow model. 
Total Pressure Ratio 
lor Swirl Angle 
Figure 13. Radial Distribution of Swirl and Total pressure in Prop Slipstream 
The 1. dgnitude of the velocity vector V(r) in the propeller slipstream is isentropically 
related to the total pressure ratio P(r)/Po as follows: 
7-1 
-- 2 "2 
---[-, "' urn - M o ~  I p(r' PO (-- 7 -  2 1 + ~ ~ 2 )  
with the assumption that the local static pressure is constant: p(r) = p 
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The axial velocity component, Vx/Uw is determined from V(r) and the swirl zngle 6(r) thus, 
V, - V(r) 
- - COS 6(r) 
u, u, 
The pressure coefficient is calculated from : 
where q is the dynamic head and AP(r)la is a cor. tion tenn t o  account for the change in 
total head across the propeller disc. It is given by: 
The above formulation has been used ior all potential flow calculations in the present docu- 
!rent. 
5.3 PRESSURE COEFFICIENT DATA 
Pressure profiles for the baseline wing on the two sides of the nacelle are shown in Figures 
14 through 17. On the inboard side (strips 3 and 4), the effect of the nacelle is to  increase 
the supervelocities on both upper and lower surfaces. This is equivalent to  an increased- 
thickness effect. The propeller slipstream induces a local upwash which further aggravates 
the upper surface pressure peaks. Local Mach numbers of up t o  1.5, corresponding t o  a 
freestream Mach number of 0.7, have been calculated. It is thus postulated that severe 
penalties in drag may be incurred as a result of shock formation on the inboard wing. On 
the outboard side of the nacelle (strips 4 and S), both the nacelle and the slipstream con- 
tribute to unloading the local wing sections. The nacelle produces a diminished-thickness 
effect. whereas the sv;,rl reduces the effective local incidence. 
Pressure profiles for the modified wing are compared with the baseline profiles in Figures 
18 through 21. These figures indicate that, to a large extent, the design objective of achiev- 
ing the clean wing pressure distribution has been attained. The design procedure (outlined 
in S1:ction 4 0) necessitated changes in the wing twist, thickness, and airfoil shape and was 
limited t o  a single design cycle. 
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- - Clean wing 
-----00- Wing t nacelle 
.2 0.3 0.4 .O 
Figure 14. Effwt of Slipstream on Chordwise Pressure Distribution: Strip 3 
M = 0.7 
a = 0' ;rns 'Prop disc - - Clean wing -------Wing + nacelle 4 a Wing + nacelle + prop slipstream . .  . 
Side of - 
body 
Strip No. 
- -- -- M -  1.0 
- - - - -  
-0.4 
Figirre 15. Effect of Slipstream on Chordwise Pressrrre Dist; ;bution: Strip 4 
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- Wing + nacelle + prop slipstnm 
M =  1.0 
0.8 L 
Figure 16. Effect of Slipstream on Chordwise Pressure Distribution: Strip 5 
M=0.7M 
-- Clean wing 
-------- Wing + nacelle 
Wing + nacelle + prop slipstream 
Figure 17. Effect of Slipstream on Chordwise Pressure Distribution: Strip 6 
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Figwre 18. Wing Pressure Profiles: Strip 3 
----- 
 W~ng + nacelle + slipstream 
@ Modified wing + nacelle + 
Figure 19. Wing Pressure Profiles: Strip 4 
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M = 0.7 
a =oO 
---- Uean wing 
- -  Wing + nacelle + slipstream 
Modified wing + nrcalle +slipstream 
- 
I 
- 
Fiwre 20. Wing Pressure Profiles: Strip 5 
1 r R o p  disc 
0.8 b 
Figure 2 I .  Wing Pressure Profiles: Strip 6 
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5.4 HmJC ISOBARS 
Wing upper surface isobars for the baseline and modified wings are presented in Figures 22 
through 25. The effect of the nacelle alone (fig. 23) is to disrupt the isobar pattern near the 
wing leading edge. Increased suction peaks inboard of the nacelle, which die out near the 
side of the body, appear as elongated puddles. The effect of the swirl (fig. 24) is to further 
increase the suction peaks inboard of the nacelle and to cause puddling of the isobars on 
the outboard side. 
The modified wing (fig. 25) exhibits an outboard isobar pattern similar to that of the clean 
wing. Inboard, the isobar pattern reveals the presence of suction peaks higher than those of 
the clean wing that have not been fully mitigatzd through the design exercise. 
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Figure 23. 
Upper Surface Wing Isobars-Baseline Wing + Nacelle 
Figure 24. 
Upper Surface Wing Isobars-Baseline Wing + Nacelle + Slipstream 
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Figure 25. Upper Surface Wing Isobars-Modified Wing + Nacelle + Slipst.-eem 
5.5 FORCE DATA 
CL vs a cuwes for the cruise wing-body-nacelle configuration are shown in Figure 26. At 
a = 0°, the effect of the slipstream is to increase the total lift by approximately 5%. The 
slope of the lift curve is slightly lower for the modified wing relative to  the baseline in the 
absence of slipstream effects. In all cases, a design CL value of 0.5 is achieved at a close to  
oO. 
Wing spanwise load distributions are presented in Figures 27 and 28. Figure 27 shows the 
incremental effects of the nacelle and slipstream on the loading of the baseline wing. The 
asymmetry created by the prop slipstream is compatible with the pressure profiles of Fig- 
ures 13 through 16. The wing, in this case, acts as a pair of stators tending to  straighten the 
swirling flow behind the propeller and thus contribute t o  thrust recovery. Figure 28 gives 
the span load distribution for the modified wing which is in agreement with that of the 
clean wing, as set forth in the design objective. 
Spanwise distribution of CPMIN for the baseline and modified wing is presented in Figure 
29 at a = OO. Inboard of the nacelle, the baseline wing is highly critical because of upwash 
from the swirling slipstream. At 0.8 cruise Mach number, strong shock waves and, possibly, 
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Lift coefficient 
M = 0.7 
S R ~ ~ '  260.8 m2 (2807 ft2) 
- Baseline wing 
--- Modified wing 
0 Baseline wing + slipstream 
A Modified wing + s!ipstream 
O L  1 1 I I I I J 
-3 -2 - 1 3 1 2 3 
Angle of attack (or), degree 
Figure 26. Cruise Wing Lift Curves 
M = 0.7 
1.0' a =oO 
-- Clean wing (baseline) 
-.----- Baseline wing + nacelle 
 Baseline wing + nacelle +slipstream 
CQC/CR E F 
0.4 - 
, . . , . . . ,
....... 
t...... 8 
......a 
0.2 - 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
Fractional semi-span (Q), percent 
Figure 27. Effect of Slipstream on Span Loading 
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M =  0.7 
a =oO 
- - Clean wing (baseline) 
Baseline wing + nml le  + stiprtrerm 
Modified wing + nacelle + slipstream 
Fractional semi-span (q), percent 
Figure 28. Wing Span wise Load Distribution 
shock-induced separation are likely to occur on the inboard baseline wing. Correspor.ding 
penalties in profile drag are difficult to  assess without a full-scale wind tunnel test. However, 
these penalties are expected to outweigh gains accrued from propeller thrust recovery. The 
modifed wing (fig. 29) exhibits substantially reduced pressure peaks, although still higher 
than those of the clean wing. 
5.6 PROPELLER THRUST RECOVERY 
Swirl velocities in the prop slipstream represent lost thrust and hence lower efficiency. In 
Reference 1. these losses were estimated at 8% during cruise and 13% at takeoff. The wing, 
acting as a large chord stator, may be expected to recover some of the lost thrust by de- 
rotating the slipstream. Physically, the slipstream induces a local anglesf-attack, which 
causes the lift vector to tilt forward, producing thrust. 
In the present context, the thrust increment due to the slipstream has been obtained by 
integration of the surface pressure. Figure 30 gives a drag buildup for the baseline and the 
modified wing, each incremented from the clean wing. The i.~crernents in profile drag 
(CDP) were postulated on the basis of the spanwise distribution of CpMIN of Figure 29. 
Early shock formation could lead to an early bresk in the polar as suggested in Figure 30. 
Uncertainty factors for the increments in CD may be as high as 100%. P 
Vector ACD~ in Figure 30 represents the increment in induced drag between the wing plus 
nacelle and the clean wing. It was calculated by the induced drag program A 323 (ref. 5) 
and is strictly a function of the spar1 load distribution. This vector is negligible for the base- 
line wing, but significant (4.5 drag counts) for the modified wing. 
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M ~ 0 . 7  
a =0° 
------ Clean wing 
Wing + nacelle + slipstream 
-- Modified wing + nacelle + slipstream 
1 I 1 I I I I I 1 I 1 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
Fractional semi-span (q),  percent 
Figure 29. Span wise Distribution of C 
PMIN 
The thrust recovery vector was calculated by potential flow program A 230 as the difference 
in integrated surface prcssures between the configuration with and without swirl. For the 
modified wing this vector is composed of a ACL of 0.026 and a ACD of one drag count. 
It is considered inconsequential. 
The baseline wing shows a thrust recovery vector equivalent to 11 counts of thrust. At 
Vach 0.8 and 10 700111 (35 000 ft), this translates irito 2.97 kN (668 lb) of thrust. The 
total thrust of the airplane may be estimated from the propeller power loading given by 
Reference 4: 
- SHP 
= 37.5 per engine 
D* 
Where SHP is shaft horsepower and D = 5.97m (19.6 ft) is propeller diameter. At Mach 0.8 
and 10 700m (35 000 ft), the total thrust, assuming a propeller efficiency of 0.8, is: 
T = 72.427 kN (1 6 283 Ib) 
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Modified Wing 
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Thrust recovery 
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Figure 30. Wing Drags lncremented from Clean Wing 
From the above, the recovered thrust for the baseline wing is 4.1% of the total, or approxi- 
mately 50% of the estimated thrust lost due to swirl. 
This estimate of thrust recovery is predicated on the ability of the baseline wing to sustain 
the calculated pressure profiles in shock and separation-free flow. 
5.7 ASSESSMENT 
The influence of the nacelle (without slipstream) on the baseline wing is significant as is 
indicated in Figures 14, IS, 24, and 27. The present study did not consider recontouring 
the nacelle. However, future study efforts should include this consideration, perhaps in 
combination with some thrust line toe-out to  align it with the local flow. 
The swirl produced by the wing-mounted prop-fan imparts a strong local upwash to the 
wing inboard of the nacelle and a downwash on the outboard side. Large leading edge suc- 
tion pressures appearing on the inboard wing were found t o  produce a thrust force, equiva- 
lent to  the momentum removed from the swirling slipstream through the straightening effect 
of the wing. The analysis further indicated that at high cruise Mach number (M = 0.8), 
isentropic flow could not be maintained on the inboard wing and that shock waves were 
likely to occur. If this occurs, the readjustment of pressitre on the inboard wing wo~tld 
largely eliminate the calculated thrust increment and would further lead to sizeable penalties 
in profile drag. To alleviate the adverse effects of the nacelle and 5wirl on the wing, the 
latter was redesigned to  neutralize these effects. The resulting wing is characterized by 
large variations in twist and thickness and shows little potential for thrust recovery. The 
trade between profile drag and thrust recovery must ultimately be determined through wind 
tunnel testing. 
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6.0 WING-MOUNTED PROP-FAN-LOW SPEED 
Lo\?-speed analysis of the takeoff configuration and flight condition was selected because 
the slipstream effects are much greater than in the landing approach condition. 
6.1 GEOMETRICAL DEFINITION 
Leading- and trailing-edge flap geometries have been defined for the modified cruise wing 
(described in sec. 5.0) t o  simulate the takeoff flight condition. Figure 31 depicts a stream- 
wise section of the flapped wing as defined for potential flow analysis. A trailingcdge flap 
of 22% chord, extending over the entire wing span was assumed. A flap deflection 6~ of 
lo0 was selected for the takeoff condition and was achieved by rotating the trailing-edge 
about the 78% chord line. 
L~~ Krueger flap 
sF = lo0 TE flap setting 
Figure 3 1. Leading- and Trailing- Edge Flaps for Lo w-Speed Configuration 
The leadingedge Krueger flap geometry was defined as shown in Figure 32 and described 
l--' 8,: 
Point A-A point of tangency on the wing upper surface at 2% chord from the leading 
edge. 
Point B-Located at the intersection o f  the tangent from A and the wing chord Cne. 
The Krueger leading edge (point C) was determined by constructing from point B a 
line at an angle 6~ to the wing chord line and equal in length to  the Krueger flap chord. 
?he latter was fixed at 15% of the basic wing chord. The Kruep :r angle 6~ was initial- 
ly selected equal t o  63O. In a subsequent design cycle, it was varied between SO0 and 
5S0 spanwise, in an attempt to improve the flow pattern over the leading edge, 
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The Krueger upper surface profile was extracted from an existing Bo5ng design and 
geometrically stretched to fit between points B and C while remaining tangent to 
line AB. 
The Krueger lower surface profile was faired in arbitrarily t o  complete the section defi- 
nition. It does not significantly impact the performance of the wing. 
Chord line 
Initial definition 
-----. Second iteration 
A = Point of tangency 
B = Chorditangent intersection 
C Krueger flap LE 
6K = Krueger flap deflection 
Figure 32, Krueger Flap Definition 
Thr above procedure was fully automated for rapid generatioli of the entire wing, given a 
set of Krueger flap angles and chord ratios (CK/C). 
Paneling of thc low-speed configuration for potential flow analysis is shown In Figures 33 
and 34. Particular attention was required in modeling the wing-kody intersection because 
of the Krueger flap dipping below the body. Bound vortices within the wing lifting system, 
located in the Kreuger flap region, could not be extended t o  the body centerplane as is nor- 
mally done. Instead, they were routed t o  a point aft of the Krueger, deflected to  the plane 
of symmetry, then shed aft t o  infinity. 
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6.2 DESIGN PROCEDURE 
Initial definition of the low-speed configuration included a Knreger flap of constant deflec- 
tion angle. 6~ = 63O and chord ratio CK/C = 0.1 5 (see fig. 32). This confiuration was 
analyzed, less slipstream effs ts  on potential flow program A 230. The results indicated a 
nonuniform stagnation pattenr along the Krueger leading edge, partly because of the large 
variations in tlie wing twist distribution. In a second design cycle, the Krueger flap was 
redefined in accordance with the deflection schedule of Figure 35. A comparison of pres- 
sure profiles along s t r ip  3 and 6 for the two design cases is given in Figures 36 and 37. The 
data are plotted versus arc length (SIC) from the Krueger flap ieading edge. At a = 4O, 
the stagnation point is located on the upper side of the lead'3g edge in both design cases. 
At higher angles-of-attack and/or increasing trailingedge flap deflections ( 6 ~ ) ,  the stag- 
nation point is expected to move down past the leading edge toward a more favorable loc- 
ation corresponding to QMAX. Because of a more uniform distribution of the stagnation 
line along the wing leading edge, the second iteration design wasselected for further analysis. 
60 
Krueger 
deflection 
angle (bK  . 
dqree 
50 
Second iteration 
Fractional semi-span (I)), percent 
Figure 35. Krueger Flap Deflection Schedule 
6 
Arc length from LElchord (WC) 
M = 0.2 
a =rO 
Initial definition 
------ - Sacond design iteration 
Figure 36. Low- Wing Pressure Profiles: Strip 3 
I /- Rw disc 
M = 0.2 
Q = 4 O  
-Initial definition 
------ Second dariqr iteration 
Figure 37. LowSpeed Winp Pressure Profiles: Strip 6 
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6.3 SLIPSTREAM CHARACTERISTICS 
Radial distribution of total pressure ratio and swirl angle sft of the propeller for the cruise 
and takeoff conditions are given in Figure 38. The takeoff data at Mach 0.2 were obtained 
by Hamilton Standard through wind tunnel testing. Swirl angles of about 9 degrees are 
predicted, compared to 6 degrees at cruise. The incremental axial velocity (AVx/U,) 
corresponding to  the above data (calculated by the method described in sec. 5.0) is present- 
ed in Figure 39. These increments are very large during takeoff and have a significant im- 
pact on the wing aerodynamic characteristics. 
Swirl angle (61, 
degree 
Swirl Angle 
Figore 38. Radial Distribution of Swirl and Total Pressure in Prop Slipstream 
0.8 
0.6 
Axirl velocity 
incmnmt 
(AVXAJ,) 
0*4 1 
Figrre 39. Radial Distribution of Axial Velocity lmmmmt in Prop Slipstnaam 
6.4 PRESSURE COEFFICIENT DATA 
Pressure profiles for strips 3 through 6 at a = 4O, showing the effect of the propeller slip 
stream, are given in Figures 40 through 43. On the inboard side of the nacelle, the swirl 
angles and the incretnents in axial velocity have additive effects, resulting in high loading 
of the local wing sections. On the outboard side, these effects are subtractive with the 
axial velocity slightly more predominant. The net effect is an increase in load on the out- 
board, as well as the inboard wing. The effect of the slipstream on the wing as a whole is 
discussed further below. 
6.5 FORCE DATA 
The lift curve for the lowspeed configuration is shown in Figure 44. At a = 4O, the effect 
of the slipstream is to increase CL from 1.328 to 1.61 0, a 2 1% increase. Preliminary design 
estimates in Reference 1 give a climbout CL value of 1.63 with 2 trailingedge flap setting 
of 1 oO. 
Figure 45 shows the effect of the slipstream on the wing-span load distribution. Local in- 
creases in the wing loading on both sides of the nacelle correspond to the pressure profiles 
of Figures 40 through 43. 
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--ow------ 
--.------------ 
cr =4O 
------- Wing + nacelle 
Wtng + nacelle + slipstream 
Figure 40. LowSpeed Wing Pressure Profiles with Slipstream: Strip 3 
8 
.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 
M = 0.2 
a = 4 O  
----- Wing + nacelle 
- Wing + nacelle + slipstream 
Figure 4 1. LowSpsed Wing Pressurn Profiles with Slipstream: Strip 4 
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I ,ROO disc 
A 
B 
Arc; length from LElchord (SIC) 
M = 0.2 
a =4O 
------ Wing + nacelle 
 Wtng + nacelle + slipstream 
Figure 42. Low-Swed Wing Pressure Profiles with Slipstream: Strip 5 
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body 
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length from LElchord ( 
M = 0.2 
a '4O 
----- Wing + nacelle 
- Wing + nacelle + slipstream 
Figure 43. Low-Speed Wing Pressure Profiles with Slipstreem: Strip 6 
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- Without slipstream 
@ Withslipstream 
2.4 r 
0 2 4 6 8 10 12 14 16 
Angle of attack (a), degree 
2.0 
1.6 
Lift coefficient (CL) 1.2 
Figure 44. Krueger Wing-Low-Speed Configuration Lift Curve 
- 
- 
- 
M = 0.2 
a =4O 
W i t h  slipstream 
----- Without slipstream 
Fractional semi-span (91, percent 
Figure 45. Krueger Wing- Low-Speed Configuration Spanwise Load Distribution 
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6.6 DRAG AND THRUST RECOVERY 
Induced drag of the wing/body/nacelle configuration, calculated from the span load distri- 
bution of Figure 45, is shown in Figure 46. The effect of the slipstream (shown in fig. 46) 
was calculated as an increment in the integrated surface pressures over the configuration. 
This vector is largely composed of a CL increment (ACL = 0.282) with 36 counts of drag 
reduction, which contributes to  thrust recovery. If, however, the effect of the slipstream is 
to be considered at constant CL, the thrust recovery could be as high as 350 counts, depend- 
ing on the general shape of the polar. 
- 
M = 0.2 
S, = 260.78 rn2 (2807 ft2) 
- 
- 
- 
- 
- 
Potential thrust recovery 
1.oL 1 I I I 
0 500 loo0 1500 
Induced drag coefficient (C 1, count 
Di 
Figure 46. Krueger Wing-Low-Speed Configuration Induced Drag Due to Slipstream 
6.7 EFFECT OF ONE-ENGINE FAILURE 
In the case of a oneengine failure, the aerodynamic forces and moments attributed to the 
slipstream will act only on one side of the airplane, creating a general aerodynamic imbal- 
ance that must be trimmed. 
Figure 47 depicts the rolling moment CMX as a function of CL for only one-half of the con- 
figuration. The effect of the slipstream, calculated by integration of the surface pressures, 
is shown on the figure as a vector composed of: 
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This represents the engine-out increment of the propfan over the turbofan. It  is substan- 
tially smaller than preliminary estimates for the Reference 1 study, as indicated in Figure 
48. 
M = 0.2 
S, = 260.78 rn2 (2807 ft2) 
 REF = SO. 66 m (165.83 h) - W~thout slipstream 
@ With slipstream 
Effect of slipstream 
Moment reference point 
BS = 22.10 m (72.50 ft) 
BL=O 
WL = 5.33 m (17.50 ftl 
Lift coefficient (CL) per wing panel 
Figure 47. Krueger Wing- Low-Speed Configuration Rolling Moment Coefficient 
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Figure 48. Rolting Moment Due to Engine-Out Comparison with Preliminary Estimates 
6.8 ASSESSMENT 
Leading- and trailing-edge flaps were defined for the modified cruise wing, and are suitable 
for both landing and takeoff. The flap definition was intended for potential flow analysis 
only, and would normally undergo extensive tailoring prior to  hardware application. The 
analysis showed the nature and extent of the problems associated with the wingslipstream 
interaction during takeoff; landing approach problems would be simi!ar but less severe. . 
Based upon the calculated data, the following observations were made: 
Leadingedge Krueger flaps had more than enough deflection ( 6 ~ )  to eliminate all 
pressure peaks on the upper surface. The extra margin in 6~ ensures safe operation at 
Q M A X .  For maximum LID during climb, the Krueger flap should be partially re- 
tracted. 
Unlike the high-speed condition, the axial velocity increment, rather than the swirl, 
dominates the slipstream effect at the takeoff condition. As a consequence, the por- 
tions of the wing scrubbed by the slipstream experience large, local increases in 
loading. 
An engine failure at takeoff results in an asymmetric loading that appears to be well 
within the trim capabilities of the lateral control system for this type of airplane. 
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Figure 52. A ft-Mounted Prop-Fan Side-o f-Body Pressure Profile 
The configuration was analyzed on potential flow program A 230 at Mach 0.7 and angles- 
of-attack of -2 to 5'. 
7.2 SLIPSTREAM CHARACTERISTICS 
Radial distribution of swirl angle and total pressure ratio aft of the propeller corresponds 
to the cruise condition defined in Figure 13 for the wing-mounted propfan. Only tile 
strut, in the present case, is washed by the propeller slipstream. However, the effect of the 
slipstream extends to the body and the vertical tail because of its impact on the channe! 
cross sectional area distribution. 
7.3 PRESSURE DISTRIBUTION AND SPAN WADING 
The pressure distribution along the side of the body is shown in Figure 52. The pressure 
is most critical at about 50% chord of the strut-body intersection on thc upper side of the 
strut. This condition is further aggravated by the propeller slipstream, in spite of the fact 
that the latter does not impin* on the body. From tht point of minimum pressure, the 
pressure tecovtry occurs over a relatively short distance, inmasing the dangcr of stparation 
over the tail end of the body and possibly increasing drag by one or  two counts. 
Strut pressure profiles showing the effect of the slipstream are presented in F i r e s  53 
through 55. In the absence of the slipstream, the strut is influenced by the downwash from 
the wing and suction peaks are in evidence on its lower surface. The chordwise load distri- 
bution exhibits two loops of opposite signs that integrate t o  produce a strut CL close to 
zero. The propeller slipstream produces a strong upwash counteracting the downwash from 
the wing and it causes a collapse of the negative pressure loop on the strut leading edge, 
generally increasing the total load on the strut. This effect is particularly pronounced on 
, 
strip 2 because, as shown in the figure inserts, strip 3 is close to  the axis of the propeller ' 
and strip 1 is out of its range. Vertical-tail pressure profiles are presented in Figures 56 
through 59 and show that the influence of the propeiler slipstream clearly extends to the 
vertical tail and that this effect is more pronounced on the lower parts of the vertical tail 
and diminishes toward the tip. 
-2.0 
M = 0.7 
a -00 
- With prop slipstream 
---- Without prop slipstream 
-1.2 
Fiwre 53. Aft-Mounted Prop-Fan Strut Pmwre Profiles: Strip 1 
'1  
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Fiere 54. Aft-Mounted Prop-Fan Strut Pressilre Profiles: Strip 2 
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Figure 55. Aft-Mounted Prop-Fen Srrut Prvure Profiles: Sttip 3 
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Figure 56. Aft-Maunted Prop-Fan Vertical Tail Resure Profiles: Strip 1 
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Figure 57. A ft-Mounted hop-Fen Vertic8l Tat7 Pressure Profiles: Strip 2 
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Figure 58. A ft-Mounted Prop- Fan Vertical Tail Pressure Profiles: Strip 3 
- With slipstream r - - - ~ i t h ~ t s ~ i p s t r e m  
Figure 59. A ft-Mounted Prop-Fan Vertical Tail Pressure Profiles: Strip 4 
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Figure 60, strut spanwise bad distribution, shows that the propelkr slipstnun M y  in- 
creases the upward load on the strut, which, to some extent, contributes to tluust recovery. 
This force, however, is very m a l l  due to the limited strut uer, Because lording the strut 
serves no useful purpose, the strut could be twisted and pitched d o n  to uniformly elimin- 
ate the span load in the presence of the slipstream. The load increment of the slipstrum 
would probably renuin unaffected as would the thrust recovery and the strut drag would 
be reduced. 
With slipsaarn : ::y Bod  side < 
w i t h o u t s l i ~  YUk 
I 
d 
I I I i I I I I . I 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
Strut fractional semi-span ( ~ 1 ,  paroant 
Figure 60. Aft-Mounted Prop-Fan Effect of SIipstnaam on Strut Loeding 
7.4 DRAG AND THRUST RECOVERY 
Figure 61 shows a plot of induced drag of the clean wing versus CL. The lift and drag incre- 
ments due to the slipstream were calculated by integration of the surface pressures and are 
shown as a thrust recovery vector. Computed at a = 0°, this vector is 
ACL= 0.01'7 
ACD = 0.8 drag counts. 
Considered at constant CL, an equivalent three counts of drag reduction could be inter- 
preted as thrust recovery. However, the uncertainties in the above calculations an sufficient 
to offset any gain attributed to thrust recovery. 
PA= I8 
bF POOR O'JALIW 
0.7 - 
M = 0.8 
a=oO 
SREF = 260.78 m2 (2807 $1 
0.6 - Without slipstream 
8 With siipstrem 
0.5 - 
Vector effect of swirl 
0.4 - 
50 100 
Induced drag (CDi), counts 
Figure 61. A ft-Mounted Prop-Fan E f k t  of Slipstman on Induced Or* 
7.5 ASSESSMENT 
In the absence of the wingslipstream interference problem, there is little aerodynamic 
difference between the aft-mounted prop-fan and an equivalent turbofan configuration. 
Therefore, only airplane size and power plant characteristics for a given mission determine 
the difference in operating economics between the two airplanes. 
The aft-mounted propfan requires relatively long struts for the propeller to clear the side 
of the body, so a higher incentive exists to optimize these struts for minimum drag and 
maximum thrust recovery. The present analysis shows the type and extent of strut loading 
caused by the prop slipstream and the interference effects between the various components 
involved. Proper loading of the strut and careful contouring of its leading edge should en- 
hance thrust recovery without incumng drag penalties. 
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APPENDIX A 
BASELINE AND MODIFIED WhC GEWEI'RY 
Definitions of the baseline and modified cruise wing are given in the following pagts. F i  
A-1 gives the planforrn deftnition which is common to  both wings. The wing has the follow- 
ing reference quantities: 
Area, m2 (ft2) 260.8 (2807) 
Aspect ratio 10 
Taper ratio 0.353 
C/4 sweep, deg 30 
MAC, m (in) 5.496 (216.37) 
Span, m (in) 5 1.066 (20 10.49) 
Each of the two wings is defined at 16 wing buttock lines, including one on each side of the 
nacelle. 
Dimnsions in mcrtars (in) 
Figure A- 1. Wing Plan form Dimnsions 
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